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Introduction

Sonic-boom considerations, which now impose
serious operational restrictions on military super-
sonic airplanes, are certain to be of major concern
in the development of future supersonic airplanes,
particularly in regard to commercial supersonic air
transports. DPreliminary feasibility studies have
indicated that boom considerations alone may dic-
tate allowable minimum altitudes along most of the
supersonic portion of the transport flight path and
that in many cases the airframe sizing and engine
selection may depend directly on the sonic-boom
characteristics of the airplane. It is thus evi-
dent that final configuration selection for a
supersonic transport will be influenced by these
considerations.

It is the purpose of this paper to examine the
dependence of sonic-boom overpressures on configu-
ration variables and to point out, in general,
design considerations which tend to minimize the
problem. The study makes use of experimental data
from wind-tunnel tests (refs. 1 to 4 as well as
more recent data) and from the flight tests of ref-
erence 5. Theory derived from references 6 and 7
is used extensively in correlations with the meas-
ured data. The concept of a lower bound of sonic-
boom overpressure, as discussed in references 8
and 9, is used in illustrating boom-minimization
design considerations.

Symbols

A cross-sectional area of airplane or model
determined by area-rule concepts

A(t) nondimensionalized cross-sectional area,
A/Ze, at nondimensionalized station
=X
t=3
AE(t) effective nondimensionalized cross-

sectional area due to a combination of
volume and 1ift effects, A(t) + B(t)

Ay cross-sectional area at base of airplane
or model

td

cquivalent cruss-sectional area due to 1lift
at airplane or model station given by
equation

B [*
B=§€j;Fde

B(t) nondimensionalized equivalent cross-
sectional area due to 1ift, B/le, at

nondimensionalized station t = %

Cp,o drag coefficient at zero 1lift

CL 1lift coefficient

L- 3605

B! lifting force per unit length along air-
plane or model longitudinal axis

F(T) effective area distribution function, given
by equation

. T oag"(t)
F(r) = &= Ag (1) dt
25 o VT -¢t
h airplane flight altitude or lateral dis-
tance from model to measuring probe
Kr reflection factor
1 length of airplane or model equivalent body
M Mach number
P reference pressure
Ap incremental pressure above or below ambient
pressure due to flow field of airplane
or model
q dynamic pressure
S wing planform area
t nondimensionalized distance measured along

longitudinal axis from airplane or model
nose, x/1

w airplane weight

Jav.¢ distance along pressure signature from
arbitrary reference point

a angle of attack, deg

p=F -1

7 ratio of specific heats

T dumy variable of integration measured in

same direction and using same units as t

To value of T giving the largest positive
nT

value of integral M/ F(r)dr
6}

X distance measured along longitudinal axis
from airplane or model nose

W Mach angle, sin~1 ﬁ
Subscript:
max maximum

A prime (') is used to indicate a first
derivative, and a double prime (") indicates a
second derivative with respect to distagce.
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Discussion

A series of wind-tunnel tests treating several
aspects of the sonic-boom problem have been con-
ducted over & period of years in the Langley 4- by
4-foot supersonic pressure tunnel. Figure 1 shows
a sketch of the apparatus used for the latter
phases of the tests. The models (sbout 1 inch in
length) were mounted on a sting support capable of
remotely controlled changes in longitudinal posi-
tion. Measurements of the model pressure field
were made at each of three slender probes spaced
across the tunnel at distances up to 50 inches.

The dashed lines on the sketch represent a sche-
matic diagram of the pressure instrumentation,
which was a very critical part of the installation
because it was required to measure with reasonable
repeatabllity pressure differences as small as

0.05 psf., An inset sketch in figure 1 shows a typ-
ical measured pressure signature which displays a
general N-shape. According to theory, supported by
flight-test evidence, the pressure signature on the
ground from an airplane in supersonic flight will
have (except at extremely low altitudes) a sharp
peaked N-shape similar to that shown by the dashed
line in the sketch. Departures of the wind-tunnel
measured pressure signature from a true sharp
peaked N-shape wave are caused by the presence of
near-field effects (double peak) and effects of
vibration and probe boundary layer {rounded peaks).
It has been found possible to adjust the tunnel
data to compensate for these deficlencies simply by
extending the linear portion of the measured curve
and forming & right triangle whose area is equal to
the area under the measured wave. Measured wind-
tunnel bow-shock pressure rise Apmax’ as used

throughout this paper, has been obtalned from this
adjusted signature. This adjustment was not
applied in published results of earlier tunnel
tests. A more detalled discussion of experimen-
tal apparatus and techniques may be found in
reference 3.

The first use of the wind tunnel in sonic-boom
work:L was to explore some basic phenomena associ-

ated with thickness- and 1ift-generated flow fields.

Figure 2 shows the measured pressure rise in para-
metric form plotted against the nondimensional dis-
tance from a non-axially-symmetric body having
thickness but developing no lift. Although the
overpressure measurements below the model and to
the side are quite different at a distance of

1 body length, they become nearly equal at 8 body
lengths, indicating an approach to flow-field axial
symmetry. The pressure-rise parameter used herein
has been derived from theory, a constant value of
the parameter indicating the theoretical rate of
decay of the pressure rise with distance, according
t0 the three-quarter-power rule. A theoretical
estimate of the pressure rise based on the distri-
bution of normal cross-sectional areas along the
body axis shows quite good agreement with the meas-
ured results. Actually, if area distributions
based on M = 2.0 area-rule cuts were used, the
theory would show that the flow field for non-
1ifting bodies without axial symmetry does not
become truly axially symmetrical but only approxi-
mates that condition. This and other experimental
investigations, both tunnel and flight tests, have
established the validity of the equivalent-body
concept in treating thickness-generated far-field

pressures.

Large departures from axial symmetry of the
flow field are shown for the lifting body of fig-
ure 3. As distance increases, the pressures above
and below the wedge-~section rectangular wing
approach the attenuation, with distance expressed
by the three-quarter-power rule (a constant value
of the pressure-rise parameter). However, the mag-
nitudes of the pressure rise above and below the
wing are greatly different and show reasonable
agreement with the far-field theory estimates.

The previous two figures have presented evi-
dence of the ability of theoretical methods to
estimate sonic-boom pressure rise for a body with
thickness only and for a 1lifting body with thick-
ness., Before proceeding further it will be advan-
tageous to examine the means by which thickness (or
volume) and 1lift effects are estimated and combined
in the theory. Figure 4 presents an outline of the
steps taken in estimating the pressure rise of the
far-field bow shock directly below an alrplane in
level supersonic flight. The method shown here is
in a form suitable for a numerical solution using
desk calculators or electronic computing machines.
It has been derived from the work of reference 7,
the main differences stemming from changes 1in ter-
minology and in the expression of 1ift effects in
terms of equivalent cross-sectional area. The nec-
essary inputs to the computation are a nondimen-
sionalized airplane area distribution A(t) formed
by supersonic area-rule cutting planes (u = sin~1 ﬁ)
and a nondimensionalized equivalent area distribu-
tion due to 1lift B(t) evaluated, as indicated,
through an integration of the lifting force per
unit length along the airplane longitudinal axis.
It is probable that increased preclsion results
when the A(t) curve includes areas under the
boundary-layer displacement thickness and also
accounts for the increase in area due to engine
exhaust. The B(t) curve is seen to depend on the
weight of the airplane, the Mach number, and the
dynamic pressure, in addition to the shape of the
loading curve. A combined area distribution AE(t)

15 then formed by a direct addition of the A(t)
and B(t) curves. The Ag(t) curve is approxi-

mated by a series of parabolic arcs having a first

derivative composed of connected straight-line seg-
ments and a second derivative composed of & step or
pulse function. The integral involved in the T)
function can be evaluated quite easily when AE" t)

is a constant, and by superposition a complete
F(t) curve corresponding to the Ag (t) pulse

distribution may be built up. An integration of
the F(v) function to the point T, (hatched area

on sketch) is then used in evaluating the pressure-
rise characteristics expressed by the equation at
the bottom of figure 4. The degree of approxima-
tion of the Ap(t) curve can be improved by

increasing the number of pulses used. In a
machine-computing procedure using this technique,
the airplane length is divided into 100 units.

A comparison of tunnel-measured bow-shock
pressure rise at M = 2 for a complete airpla.ne3
with a theoretical estimate determined in the man-
ner previously described is shown in figure 5. The
theory curve is generated by repetition of the com-
putational procedure for a series of values of the



1igt parameter £op, 1% The srea distribution
A(t) used in the theory includes the estimated
cross-seciional area under the displacement thick-
ness of the laminar boundary layer assumed to exist
on the small model. In this figure, the variation
of the measured pressure-rise parsmeter with 1ift
coefficient closely follows the theoretical esti-
mate. As a matter of interest, theoretical curves
are shown for the cases where volume effects alone
or 1ift effects alone were considered. A notable
feature of the data shown in figure 5 is that
through a favorable combination of area and 1ift
distributions the resultant overpressure becomes
less than that associated with 1ift alone.

The sbility of tunnel messurements and theory
to provide reliable estimates of sonic-boom over-
pressure levels is illustrated in figure 6. Meas-
ured ground overpressures from flight tests of a

supersonic bomber? are compared with estimates
based on theory and on the tunnel test results
shown in figure 5. Differences in area distribu-
tions due to estimated differences in model and
airplane boundary layer are taken into account in
making estimates based on tunnel data. A reflec-
tion factor of 2.0, corresponding to that measured
for the dry lake bed of the flight tests, has been
used in the estimates. The reference pressure was
evaluated using the methods of reference 10. (It
has been found that for a standard atmosphere a
reasonable approximation to that value may be
obtained simply by using the atmospheric pressure
at midaltitude.) 'The agreement of measured and
estimated overpressures is good, although there is
a slight tendency toward underestimation.

It has been shown how the theory may be used
to make reasonably relisble estimates of sonic-boom
characteristics for specific configurations. The
theory of references 6 and 7 has also made possible
the definition of a lower bound of sonic-boom over-
pressure, which has been developed in references 8
and 9. Figure T serves to illustrate some of these
lower-bound concepts. As shown previously, boom
strength depends on an effective area distribution
combining both volume and 1ift components. An
example of an effective-area-distribution curve for
an arrov-wing transport configuration is shown at
the right of the figure. Note that the value of
Ag(t) at the base of the airplane is fixed by the

airplane base area (including boundary-layer and
engine-exhaust areas) and by the flight conditions
of Mach mmber and 1ift coefficient. It has been
found that the boom-strength parameter depends
primarily on the value of the effective cross-
sectiopal area at the base, but also depends on
the shape of the complete Ag(t) curve. In ref-

erence 8 the shape of the area-distribution curve
Yielding a minimum sonic bocm was shown to be a
function in which the area is proportional to the
square root of the distance except in the immediate
neighborhood of the airplasne nose. Such a curve
is shown by the dashed line on the right-hand side
of figure 7. Thus, it is possible to write in
simple equation form a lower bound of attainable
sonic-boom overpressure that depends only on the
airplane length, weight, base area, and flight
conditions:

(@) @

KrB1/1+

The method of approach used herein has followed
that of reference 9, but the shape of the optimm
area curve and the resultant shape factor of 0.5h4
were obtained from reference 8. The lower-bound
expression neglects any minimum-volume restrictions
and thus is inapplicable near zero lift coeffi-
cient. This has not proven to be a serious omis-
sion in the studies made to date. When volume
restrictions become necessary they may be included,
as was done 1in reference 9.

Theoretically, for a selected flight condition
(a design point), it should be possible to redesign
a configuration to approach, if not meet, the boom-
minimization requirements. In the example shown in
figure T, the modification consisted of a talloring
of the fuselage area distribution, as shown by the
dashed line. The overpressure characteristics of
the original and modified configuration are shown
on the left of the figure. FNotice that the maximum
theoretical reduction in boom strength (about
25 percent) occurs at the design point and that
benefits fall off rapidly on either side of that
point. In this example, the design point repre-
sents the transonic acceleration portion of the
£light (M = 1.4, h = 35,000 feet). Whether sny
substantial portion of these benefits could be
achieved in practice and whether the compromises
with alrplane design would be profitable are yet
to be demonstrated.

Some experimental data felt to be applicsble

to the boom-reduction problem1+ are shown in fig-
ure 8. Measured and theoretical overpressures in
parametric form have been plotted against a 1lift
parameter for two wing-body medels. The model
with the wing in the rear location theoretically
approaches the lower bound, even though it was not
degigned strictly in accordance with the concepts
previously discussed. The experimental data how-
ever show only a part of the theoretical gains.
Some of this discrepancy may be due to boundary-
layer and separated-flow effects on the small
models.

0f fundemental importance in any evaluation of
configuration changes aimed at boom reduction is
the resultant change in airplane drag. Pigure 9
shows theoretical sonic-boom characteristics and
corresponding values of zero-lift wave drag for an
arrow-wing transport configuration and three modi-
fications. The modifications consisted only of
changes in fuselage area distribution. Configura-
tion B, which was modified to approach the sonic-
boom lower bound for a design point of M =3 at
an altitude of 60,000 feet, required a greatly
enlarged forward fuselage with a resultant lotal
airplane volume increase of 60 percent. This
increase in volume resulted in an extremely large
zero-1ift drag penalty and also showed up as an
increase in overpressure for zero lift. Configu-
ration C with a design point of M = 1.4 at
35,000 feet had a total volume increase of 1l per-
cent, but still showed a sizable drag penalty.




Configuration D was a compromise design, having no
volume change, in which an attempt was made to pro-
duce a smooth effective-area-distribution curve
(similar to that of the area distribution for a
minimm-wave-drag body of revolution) for the
design point of M = 3, h = 60,000 feet. The
decrease 1n overpressure, which was not so pro-
nounced as for the other two modifications,
extended over the whole range of 1ift coefficlents,
and only a small drag penalty was shown. There
are, of course, so many other factors involved
which have not been studied that it is impossible
at this time to draw any conclusions regarding the
feasibility of these boom-minimization concepts.

An interesting comparison of the sonic-boom
characteristics of two transport configuration
models is shown in figure 10. Both theoretical
and experimental data are shown and are compared
with the lower bound. Cross-sectional areas used
in the theory include area within the estimated
displacement thickness of a laminar boundary layer.
The lower overpressures for the arrow-wing design
may be attributed to the reduced base area and to
smooth area-~ and lift-distribution curves. Esti-
mated ground overpressures for these configurations
sized to accommodate 125 passengers (ta.ke—off
weight of 400,000 pounds) are shown in figure 11.
A reflection factor of 1.9 was assumed, and the
reference pressure was taken as the standard atmos-
phere pressure at midaltitude. A weight of
360,000 pounds at a Mach number of 1.4 was chosen
to represent the critical climb portion of the
flight, and a weight of 300,000 pounds at a Mach
number of 5 was chosen to represent the cruise por-
tion. For a cruise altitude of 70,000 feet, the
canard design would have an overpressure of about
1.6 psf compared with 1.4 psf for the arrow-wing
design. In view of the many compromises involved,
it is believed that a practical boom-optimized
airplane would not be able to achieve the corre-
sponding lower-bound value of 1.15 psf, and that
attainsble minimum overpressures are likely to be
nearer to the 1.4 psf level. Any reduction in air-
plane weight would, of course, be beneficial, the
overpressure beilng roughly proportional to the
square root of the weight.

Concluding Remarks

Both wind-tunnel and flight tests have demon-
strated conclusively that both volume and 1lift
effects contribute to bow-shock overpressures.
Experiment has shown that existing theory provides
reasonably accurate estimates of overpressure, both
for cases of thickness (or volume) alone and for a
combination of thickness and 1ift. Additional
developments of the theory have made possible the
definition of a lower bound of sonic-boom overpres-
sure which depends only on airplane length, weight,
base area (including jet-exhaust and wake effects),
and flight conditions. A corollary of the lower-
bound concept provides airplane design methods that
theoretically allow lower-bound overpressure values
to be achieved. However, one preliminary experi-
ment has indicated that this lower bound may not be
actually realized. It has also been indicated that

compromises with other design considerations will
prevent anything more than a limited approach to
lower-bound overpressures.

10.
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